Helicity in vortex structures and spectra is studied in the developmental stages of a numerical simulation of the Navier-Stokes equations using 3D visualisations and spectra. First, time scales are set using the growth and decay of energy dissipation, the peak value of vorticity and the helicity. Then two stages between the early time, nearly inviscid Euler dynamics with vortex sheets and a final state of fully-developed turbulence with vortex tubes are described. In the first stage, helicity fluctuations develop in Fourier space during a period still dominated by vortex sheets and rapidly growing peak vorticity. At the end of this period the strongest structure consists of transverse vortex sheets with mixed signs of helicity. During the second stage, a dissipative interaction propagates along one of these vortices as the sheets roll each other into vortex tubes.
I. Introduction
It remains an open question how, starting from smooth initial conditions, the NavierStokes equations generate turbulence with an ensemble of localized vortex structures that are smooth only on the smallest scales, and possibly not even there. Insight into this process can be gained by simulating initially smooth flows that evolve into turbulence. Past work has tended to focus either on the initial development, or on the final state. Very little analysis has been done on the transition to the final state. This paper will focus upon that transition in a single numerical flow from its initial development, through a transition and finally into fully developed turbulence.
In the classical phenomenological description of the turbulent transfer of energy from large, to small scales, one assumes that the dynamics is essentially inviscid at large scales, that energy is transferred to small scales through a cascade, and then is finally dissipated at those small scales. The classical theory then predicts, using dimensional arguments, that the kinetic energy spectrum should go as E(k) ∼ k −5/3 in the "inertial subrange" of wavenumbers. While the vortex tubes that dominate the final state are strongly helical, a phenomenological role for helicity in the turbulence cascade has not yet been identified. The phenomenology of this cascade and spectra assumes that a mechanism for producing small scale turbulence exists. The equations tell us that this is through the production of mean square vorticity or enstrophy and vortex stretching. But what about cases where the initial conditions are smooth and strong vortex stretching has not formed? How might the intermediate state following the initial instabilities determine the intermittent structures seen in realistic flows? The problem studied here looks in detail at what can occur if the initial instabilities generate large-scale vortex sheets or shear layers. This is true in many physical flows including flow over an obstacle that sheds vorticity and around the edges of thermally driven plumes. The development of this state could determine how rapidly strong vortex stretching develops and the intermittent turbulent state that follows.
The initial condition used here and in several other papers was chosen because its development covers all the stages from a smooth, but energetic, state to fully turbulent flow. It will be shown that in this case, the transformation of these sheets into vortex tubes occurs through the interactions between structures not individually through roll-up. We will tie this to the large localized values of helicity that develop, both in physical space and in Fourier space, before tubes are formed. We will propose that interacting vortex structures of oppositely signed helicity underlie the topological changes observed and that this process is inherently dissipative. The primary analysis tools used to describe the transition will be three-dimensional graphics and helicity co-spectra.
The paper is organized as follows. First, we will review traditional tools and how this flow is consistent with the picture that large-scale vortex sheets end as small-scale turbulence dominated by vortex tubes with a -5/3 energy spectrum. Section III discusses the stage immediately after the first formation of vortex sheets and before T = 0.5 in terms of helicity dynamics in the Euler equations and helicity co-spectra. It is during this stage that the transverse, helical vortex sheets that led to the reinvestigation of this flow first appear. In section IV the structure of the two transverse, helical vortex sheets at T = 0.5 is described in detail. Section V discusses the self-annihilation of these structures after T = 0.5. These steps demonstrate one mechanism by which small-scale dissipation and vortex tubes can form from smooth initial conditions. We will conclude with a comparison between a traditional view of how the turbulent cascade forms and what this analysis suggests.
Although only one case is presented, other flows in the literature will be discussed in which similar events have been observed. Depending upon how common the events are, some aspects of the transition might be universal and therefore might be relevant to the general statistical problem in turbulence.
II. Background
Simulations of the initial stages in the Navier-Stokes generation of turbulence can be divided into two categories: those that rapidly form vortex sheets and those that are initialized with smooth, localized vortex tubes. These simulations are usually designed for determining how sharp the vortex structures could be and can be extended into the viscous regime to generate turbulence. The initial value problem is closed related to whether the incompressible Navier-Stokes equations
are "regular" [15] . For ν = 0, the Euler equations, this is only possible if the time integral of the maximum vorticity ω ∞ becomes infinite [16] . The folklore is that Navier-Stokes solutions are regular. Whether the equations are singular would have a dramatic effect upon the nature of any transition from smooth initial conditions to a turbulent flow, but this will not be the topic of the present paper. The focus here will be the first stage in the extension to viscous flows.
For the Euler equations, if the initial state is smooth at the largest scales, vortex sheets quickly appear that suppress singularities and there is only exponential growth in the maximum vorticity [1, 2] . If the initial state is composed not of sheets, but of smooth, localized vortex tubes with finite energy in finite domains, a growing body of evidence from numerical simulations indicates that the 3D Euler equations form anti-parallel vortices and could have singularities [3, 4, 5] . In all of these cases, the indications are that the singular behavior begins only after the most intense vorticity organizes itself into an anti-parallel configuration. For a more generic initial condition that develops vortex sheets, the focus of this paper, the picture is less clear.
The Euler equations conserve two quadratic invariants
where ω = ∇ × u is the vorticity and h(x) = u(x) · ω is the local helicity density. For the Navier-Stokes equations in a periodic box, the dissipation of the energy is related to the enstrophy or mean square vorticity Ω by
While KE and H remain constant for the three-dimensional Euler equations, the enstrophy will grow due to vortex stretching. Fully developed turbulence is found numerically either in forced simulations or at late times in decaying turbulence. It was shown as early as 1980 (G.S. Patterson, private communication) that these flows generated vortex tubes, as documented by [6] and [7] . For the Reynolds numbers accessible to such simulations, all the expected statistics of grid turbulence in a wind tunnel [8] , are observed. This includes a −5/3 spectrum [7] , E(k) = C k 2/3 k −5/3 , the velocity derivative skewness [11] (∂u/∂x) 3 /(∂u/∂x) 2 ) = −0.5. and anomalous scaling of higher-order statistics [12] .
The transition between the initial and final states has not been studied previously in great detail, perhaps because the transition is not expected to be universal. It would be universal if the structures and statistics were representative of the statistical state of fully developed turbulence. The objective of this paper is to begin to fill this gap by discussing in detail the structural changes during this transition for one generic flow. This will start from the smooth initial condition proposed earlier for decaying isotropic turbulence by [13] . The initial condition used in [13] consisted of low wavenumber Fourier modes (|k| ≤ 4) with a nearly uniform spectrum and random phases. High wavenumber amplitudes were initially set to zero in order to prevent them from obscuring the development of the low wavenumber modes.
This initial condition has been discussed in two previous papers [13, 22] . The purpose of the first [13] was to demonstrate the initial formation of vortex sheets and the eventual appearance of fully developed turbulence. The purpose of the second study [22] was originally to provide a basis for comparisons with large-eddy simulations (LES), but instead we decided to focus upon the appearance of helical transverse sheets. LES comparisons with this initial condition have since been done by two other groups [9, 10] . The LES comparisons show that a full description of the behavior of this idealized DNS is relevant to engineering applications.
Timescale and sequence of events. Figure 1 shows the time dependence of kinetic energy KE, maximum vorticity ω ∞ , dissipation = dV ν |∇u| 2 and integral helicity H (6). The time interval 0 < t < 1 covers approximately one eddy turnover time. The most important time in the analysis to be presented is t ≈ 0.5, the first peak in the maximum of the vorticity, the L ∞ norm denoted as ω ∞ . Vortex sheets, as seen most clearly in Fig. 3 , dominate the flow from T = 0 up to t ≈ 0.5. For T < 0.4 ω ∞ is growing steadily but not sharply, then between T = 0.4 and 0.5, ω ∞ increases sharply, then stops growing abruptly. For 0.5 < T < 0.9, ω ∞ maintains a large value before steadily declining. The transition from a flow dominated by vortex sheets to one dominated by vortex tubes is completed during 0.5 < T < 0.9. After T = 0.9, the flow is fully turbulent with ω ∞ decaying, energy decaying and vortex tubes dominating the structures. Figure 2 shows how the spectrum evolves from energy only in the lowest Fourier modes until it approaches −5/3. The −5/3 regime at T = 1.3 is short, with C k = 2, which is consistent with the standard coefficient of C k ≈ 1.7 given that Reynolds number is low (R λ = 70 at T = 1.3). 
1/2 in shells of width ∆k = 1 for several times. The initial energy was in wavenumbers |k| ≤ 4, quickly fills all shells with a very steep spectrum. After T = 0.5 a k −5/3 spectrum gradually forms, becoming firmly established with a coefficient of C k ≈ 2.0 by T = 1.3, as shown by the inset.
Some evidence for these regimes is also seen in the other time curves in Fig. 1 . Dissipation grows steadily between the time that vortex sheets initially form at t ≈ 0.3 until the end of the transition period, with d /dt largest for t ≈ 0.5. Helicity first becomes more positive in the period before T = 0.5, then steadily becomes more negative during the transition period between t ≈ 0.5 and t ≈ 0.9. The mechanism for this trend is discussed in detail in Sec. V.
The overall change in the three-dimensional appearance is summarized by Figures 3 sub-domain over which the primary transition in structure will occur. It will be shown that at fine scales the major structure a T = 0.5 is still composed of vortex sheets, but at the larger scales is clearer starting to form a tube. Figure 3 at T = 0.3 is clearly dominated by vortex sheets. In Fig.  5 , the most intense structures are sparser vortex tubes, sparser mainly because the vorticity within them has increased substantially. Figures 8 to 11 will focus upon tthe lower front edge of Fig.5 that is identified by the red cross. The structure around this cross is all that is left of the major transitional structure in Fig. 4 .
The transition will now be discussed in three parts: formation before T = 0.5, details at T = 0.5, and annihilation after T = 0.5 • . The maximum vorticity ω ∞ is within the cross at upper right. • . To study vortex dynamics near ω ∞ , the region at the lower front edge will be magnified in subsequent figures.
III. Formation of transverse helical structures
A new feature this paper will focus upon is the growth and decay of helicity in interacting vortices. While the time dependence of total helicity in Fig. 1 shows that there is some helicity in the initial condition, smooth, large-scale residual helicity from an unconstrained random initial condition should not be dynamically important. At early times (T < 0.5) the growth in helicity fluctuations is mostly easily seen in the co-spectrum, which will be the focus of this section.
The appearance of helicity fluctuations for T ≤ 0.5 is not associated with a large overall change in the total helicity H of the flow, which can only occur through dissipation. Changes in both H and kinetic energy KE for T ≤ 0.5 are small, implying that the inviscid Euler equations should apply. Without dissipation, how can the Euler equations generate large amounts of local helicity density?
The helicity density h = u · ω in the Navier-Stokes equations obeys
Neglecting the viscous terms, there is advection on the left and on the right a source −ω · ∇Π = ∇ · ωΠ when the vorticity is aligned with the gradient of the pressure head
Since the right-hand side is a divergence, global helicity in a periodic domain will be conserved by the Euler equations. This term exists only along vortex lines and generates locally polarized helicity along these lines.
Three types of helicity co-spectra have been looked at: the helicity co-spectrum H(k), the nonlinear helicity transfer H tr (k) and the helicity disspation H (k).
N(k) is the Fourier transform of the physical space nonlinear term −(u · ∇)u − ∇p in the Navier-Stokes equation (1) and dΩ is for the integration over solid angle. In our numerical simulation these are defined on spherical shells of width ∆k = 1 and k is the average magnitude of a wavenumber within a shell, The spectra have the following properties
Only H and H tr are plotted. Th physical space equation (4) has been used to explain the appearance of nearly maximal helicity in the inviscid interaction of two anti-parallel vortices [14] . In that calculation, the nearly singular interaction generates helicity of opposite signs in the two directions around the point of maximum vorticity. There is no requirement that the vortices be anti-parallel to produce this effect, only an expectation that there be strongly interacting vortices. This is illustrated by the inset in Fig. 9 . Due to symmetries, in a strictly anti-parallel configuration the two signs of physical space helicity would cancel in Fourier space at each wavenumber and thus preclude any spectral oscillations. This should also hold over the wavenumbers of a simulation that correspond to physical space length scales where vortex filaments might be evolving towards an anti-parallel configuration. Figure 6 shows helicity fluctuations in Fourier space growing during the period 0.3 < T < 0.5, which implies that the anti-parallel symmetries do not hold for the range of scales that are resolved. This is the first sign that this calculation might not see anti-parallel vortex structures. The source of the fluctuations in H(k) for 0.3 < T < 0.5 is the largest fluctuations in H tr (k) that first become strong around T = 0.3. The first signs of physical space helicity in Fig. 3 appear at the same time, which suggests a relationship between the Fourier and physical space fluctuations.
This spontaneous appearance of fluctuations in the helicity spectrum is similar to what was observed when symmetries were used to create maximally helical modes of opposite sign [26] . In those cases, helicity of opposite sign appeared in adjacent wavenumber bands, with the higher band dissipating after appearing to propagate to still higher wavenumbers. This contrasts with simulations with only one sign of helicity in the largest modes, which suppress the energy cascade [24] . No physical space structure was identified with these spectral space events.
There is a role for the helicity spectra in changing the global helicity in Fig.  1 , where H first becomes more positive for T < 0.5, then decreases for T > 0.5. Changes in the total helicity can only occur through the dissipation of helicity of the opposite sign, which can be related to both the high wavenumber fluctuations in H(k) and the disappearance of helicity of a particular sign in physical space around the structure in Fig. 9 .
For T < 0.5 the slight increase in the helicity is associated with the decrease, then change in sign of the negative Fourier space peak around k = 6 between T = 0.4 and T = 0.5 in the lower frame of Fig. 6 . The decrease in positive H for T > 0.5 is associated with the positive Fourier space helicity peaks at higher wavenumbers at T = 0.5.
In physical space, these changes appear to be associated with the destruction of structures. First, there is the annihilation of the two blue (h < 0) regions seen in Fig. 9 and not seen in Fig. 10 , a process that probably began before T = 0.5 and would account for dH/dt > 0 for T < 0.5. The decrease in positive H for T > 0.5 would be associated in physical space with the annihilation of the dominant green (h > 0) region in Fig. 4 and to be discussed further using Figs. 9, 10, and 11. The proper diagnostic for dissipation of helicity would be the furthest right term in (4) and will be investigated in a future study.
The final point we wish to make about the spectra is that for T ≤ 0.4 these fluctuations are only significant for k ≤ 6. There are virtually no fluctuations in either the helicity or the helicity transfer for k > 6 until T ≈ 0.425. Figure 7 shows that starting then, the positive and negative peaks in the helicity transfer spectrum Figure 6 : Helicity spectra H(k) at t = 0.3, 0.4 and 0.5 and a helicity transfer spectrum H tr (k) at t = 0.3. Most of the change in the helicity spectrum occurs between t = 0.3 and t = 0.4, the period during which in physical space regions of negative and positive helicity density emerge, as shown in Fig. 9 . Note the relationship between the oscillations in H(k) at t = 0.5 and the oscillations in H tr (k) at t = 0.3. The high negative and positive transfer rates at t = 0.3 result in the changes seen in the helicity spectrum at t = 0.4. appear to propagate to higher wavenumbers [29] . Our best graphics suggest that the major topological change that produces the structure in the upper right of Fig.  4 and in Fig. 9 occurs near T = 0.425. Further calculations with better resolution and higher Reynolds numbers will hopefully answer this question.
IV Details at T = 0.5 Figure 8 shows two views, without helicity hashes, of the 1/4 3 subdomain around the peak vorticity ω ∞ in the upper right of Fig. 4 at the intermediate time T = 0.5. Fig. 9 shows the left perspective from Fig. 8 with all the fields overlaid. We want to describe this structure in detail so as to: first emphasize what the dynamics between T = 0.3 and T = 0.5 has created, then to understand where the dissipation for 0.5 < T < 0.7 is coming from .
When rotating this structure using a workstation, the authors first realized that these interacting structures could be described as neither anti-parallel nor completely tube-like from any angle. The numerous figures we could have included are summarized by the left-hand diagram in Fig. 9 . The views in Fig. 8 show that the vorticity is still in sheet-like structures, although the sheets is much finer than those seen at T = 0.3. The first perspective is roughly the same as in Fig. 4 and exactly the same as Fig. 9 , but without the helicity markings. The second perspective is roughly the same as Fig. 10 . The vertical structure in the θ y =50
• perspective is the same as the horizontal structure on the left of the θ y =160
• perspective as indicated by the red arrows. Note the twisted vortex lines on the left side of the sheet for θ y =50
• and indicated by the blue arrow. As the vortex structures naturally wrap around each other, these twisted vortex lines will evolve into the blue vortex tube at later times.
The left diagram in Fig. 9 is used to show how the two transverse structures slightly wrap around each other. It is important to realize that the upper branch, indicted by the red arrows, actually bends far back, as seen in the 160
• perspective in Fig. 8 . The diagram also shows that along each vortex sheet, opposite signs of helicity are concentrated along either end of the structures. h > 0 appears to concentrated on the left of the horizontal structure and the bottom of the vertical structure, while h < 0 is at the right and top. It requires rotation of the full threedimensional structure to be able to see discriminate these regions clearly. The inset of just lines demonstrates how the polarized helicity that is generated in the region of closest interaction is expelled as the vortex lines are stretched out.
The green at the bottom of 9 is connected to the significant long green structure across the center of Fig. 4 . Going back to Fig. 4 , the strongest interaction for T > 0.5 will work its way down the vortex lines overlaid with green that leads out of structure in the upper right. This same subdomain is used in Figs. 10 and 11 . In the process, the remaining vortex sheets will turn into helical vortex tubes and then be annihilated. 3 of the domain centered on ω ∞ at t = 0.5 for θ y =50
• and 160
• showing both tube-like and sheet-like structures. The darker arrows in the two perspectives are red in the color figures. of the domain at θ y =210
• , rotated 180
• from Fig. 4 . The position of the ω ∞ at t = 0.5 is in the upper left corner and has now dissipated. The transverse structure that was a sheet at t = 0.5 has been transformed into the blue (h < 0) tube.
V Annihilation
We now propose that the increases of energy and helicity dissipation near T = 0.5 in Fig. 1 are due to the self-annihilation of the structure being discussed. This will be illustrated for a series of times through three-dimensional visualizations and diagrams in Figs. 9, 10 , and 11. The three-dimensional visualizations in Figs. 10, and 11 are of the same 1/2 3 subdomain as in Fig. 4 , but from different angles. The diagrams on the left are designed to simplify the process as it might be viewed from a single rotating perspective. The three frames and respective times are chosen so as to represent the start of the dissipation process at T = 0.5 when the structures are still sheet-like, the height of reconnection at T = 0.6, and the end of the strongly dissipative period at T = 0.7 when the dominant structures are nearly orthogonal vortex tubes with different signs of helicity.
The process starts with the nearly orthogonal vortex sheets described in the last section. The tangle of partially reconnected vortex lines in the upper left of the T = 0.6 visualization in Fig. 10 arises in the next step in the evolution. All the sheets have turned into tubes and virtually all the signs of strong helicity have disappeared. Exceptions are the green in the middle, which is from the same structure that is in the middle of Fig. 4 at T = 0.5, and the blue tip next to it which is discussed below.
Two diagrams are included to help unravel which parts from T = 0.5 are reconnecting to each other, The diagrams use three primary colors, green for h > 0, blue for h < 0 and black for neutral helicity h ∼ 0. The diagram on the left is roughly in the same orientation as the visualization and diagram in Fig. 9 . The diagram on the right is roughly in the same orientation as the visualization and the T = 0.5 right frame in Fig. 8 .
The details are given in the appendix and can be summarized as follows: 1) Ends of the original vortices with oppositely signed helicity reconnect. 2a) Vortex tubes form. 2b) Helicity is neutralized (black in diagrams) before the structures are completely annihilated. 3) New helicity with sign opposite to that in the remaining major structure appears. 4) Interactions between structures with oppositely signed helicity continue. Figure 11 shows the final step in the annihilation of the structure at T = 0.7. The blue tip which was beginning to be pulled out at T = 0.6 is now behind the original green vortex. By T = 0.7 all the vortex sheets that were originally in the vicinity of ω ∞ at T = 0.5 have either been annihilated or turned into vortex tubes. Figure 1 shows that this is the period during which dissipation is largest. The maximum vorticity ω ∞ is located in these structures until t ≈ 0.8.
VI. Discussion and open questions
When viewed at very close range, the crossed, maximally helical vortex tubes at T = 0.7 appear as isolated structures [22] , which would be consistent with the classic picture of apparently isolated, helical vortex tubes that have appeared in renderings going back to the mid-1980s including [1, 7, 33] and [12] . The point here is that when viewed from further out in Fig. 11 (and still further back in Fig. 5 ), and after following where they came from, we know that the vortices are not isolated and are instead strongly interacting. At no time during this calculation are the most intense vorticity elements observed to be anti-parallel and oscillations in the helicity co-spectra, impossible for anti-parallel vortices, begin at an early time.
This is a recurring process. Once the punch has gone from the interaction of these structures, a new sheet-like interaction takes over, which started as the sheets on the left of Fig. 4 at T = 0.5, develops into the structures in the upper left of Fig.  5 at T = 0.7, and is responsible for the second peak in ω ∞ near t = 1.0 in Fig.  1 . Similar transitions has been observed, but not dissected, in graphics for earlier simulations [7, 12] . If these events have a common structure, it suggests that the dynamics for the transition here might be more universal than previously supposed and relevant to statistical state of fully developed turbulence. It could be that the statistics related to the most intense events is dominated more by these events than by the properties of relatively inert, truly isolated vortex tubes.
Two scenarios What is different about this event than the usual scenario? The following chart outlines two scenarios, one based on interacting anti-parallel vortex tubes being the most intense structures. The other what is observed developing from smooth initial conditions such as Taylor-Green [1] , interactions between vortex structures in fully developed turbulence [7] and here. In this scenario, anti-parallel vortex structures are never observed and helicity clearly plays a major role. Table 1 . Two scenarios for the creation of vortex tubes out of smooth, random initial conditions. The (A) scenario on the left is based upon simulations of interacting vortex tubes. The (B) scenario on the right is based upon simulations that use smooth initial conditions. The (B) scenario seems to apply to the present case.
What is the underlying origin of the differences between the two scenarios? All the calculations that lead to anti-parallel configurations are inviscid, initialized either using vortex filaments and tubes (see [31] and references in [32] ). The spectral calculations reported here, which are viscous and initially develop vortex sheets, show no anti-parallel trend. Since sheets do not have an axial direction along which vorticity will align, other alignments are possible and the growth of the large-scale helicity is also possible. The new mechanism does not appear to depend upon either the inviscid rollup of isolated vortex sheets or the reconnection of anti-parallel vortices.
Nonetheless, two helical properties associated with anti-parallel interactions are seen. At their point of closest approach, opposing ends of the interacting vortices generate helicity of opposite sign and when the vortex lines reconnect, it is the ends with oppositely signed helicity that connect. However, a major difference after reconnection begins is that in an anti-parallel configuration, the increase in dissipation is rather small [34] . The asymmetrical helicity interactions that are allowed in the present case appear to be intrinsically related to the four-fold increase in dissipation. From this calculation and earlier work [26] , it could be that a train of helicity fluctuations moving to small scales as in Fig. 7 is needed for there to be rapid dissipation. This could not occur if the vortices at the smallest scales were anti-parallel.
Two final points about helicity. While the helicity density is not Galilean invariant, Galilean transformations could not remove the strong fluctuations in helicity in physical space that we observe, nor could they remove the strong fluctuations in the helicity co-spectrum in Fig. 6 . The implication is that if these are configurations that naturally and frequently arise in a turbulent flow, then helicity could be playing a central role in their dynamical evolution. The second point is that the interactions of oppositely signed helical are transients originating from an initial value problem and appear to enhance the turbulent cascade. Despite superficial similarities with the oscillations in helicity in the GOY shell model that were discussed in an earlier paper [26] , we do not believe that a shell model is the correct description for the phenomena observed. In the GOY model, the helicity fluctuations play a role in producing an intermittent statistical state through blocking the cascade [28] .
A new twist. The three-dimensional graphics and helicity analysis presented provides evidence for a new coherent mechanism for the formation of dissipative structures characterised by viscous, transverse vortex sheets gradually transforming themselves into interacting, transverse vortex tubes, which are intrinsically helical. The transverse configuration forms during the period with the strongest surge in vorticity and is associated with strong fluctuations in the helicity in both physical and Fourier space. Viscous dissipation plays a role as early at T = 0.4, but has not been visualized. One would expect sheets of dissipation as identified previously [7] . All of these observations would be consistent with earlier theoretical suggestions that dissipative sheets could be separating regions of maximally positive and negative helicity [25] and analysis of triad interactions where oppositely signed helical modes enhance energy transfer [35] .
Only one idealized state has been considered here. How will this state determine the intermittent turbulent state that follows? Our approach to this problem will be to search large data sets for examples of what has been discussed, then see what develops. The tools developed here could help us identify the conditions under which the structures of fully developed turbulence appear.
Appendix Details at T=0.6
To see how the structures at T = 0.5 are transformed required following the changes incrementally in time and rotations through many angles. The diagams in Fig.  10 are designed to summarize the observed effects: how the partially reconnected sheets from T = 0.5 have turned into tubular structures, the new alignments, and how helicity is transformed. In the diagrams the colors indicate the sign of helicity. Green for h > 0, blue for h < 0 and black for neutral helicity h ∼ 0.
Referring to the steps in Sec. V, 1 Ends of oppositely signed helicity reconnect. Compare the left diagram at T = 0.6 in Fig. 10 with the diagram at T = 0.5 in Fig. 9 . The parts that reconnect on the left are indicated by the red and blue arrows in the diagrams of the two figures. The green h > 0 horizontal structure indicated by the blue arrow at T = 0.5 has reconnected with the blue h < 0 vertical structure indicated by the red arrow. This becomes in the T = 0.6 left diagram a blue h < 0 curved structure connected to the black h ∼ 0 vertical structure. The parts that reconnect on the right are the green h > 0 bottom of the underlying sheet at T = 0.5 in Fig. 9 with the blue h < 0 right-hand side of the overlying sheet of both the diagram and three-dimensional image in Fig. 9 . There is only partial reconnection as at T = 0.6 there is still at least one vortex line that follows its original path.
The manner in which segments with oppositely signed helicity reconnect is similar to what would happen in anti-parallel reconnection.
Further information on alignments is given by the T = 0.6 right diagram in Fig. 10 , which was chosen to be closer to the perspective of the middle visualization and the T = 0.5 right picture in Fig. 8 . The vertical isosurface near the yellow cross corresponds to the vertical black h ∼ 0 lines in the right diagram and black lines pointing right in the left diagram. The red cross in the visualization corresponds to the black h ∼ 0 structure to the left in the right diagram and to the black structure that the red arrow points to in the left diagram.
2a Vortex tubes. The new structures at T = 0.6 in the middle visualization of Fig. 10 are more tube-like than the sheets in the two perspectives at T = 0.5 in Fig. 8 , which show the existence of sheets at T = 0.5 best. In particular, the red arrows point to the same structure, which is the vertical structure in the 50
• perspective and the sheet-like structure that is bent far back in the 160
• perspective. And the sheet in the middle of the 50
• perspective corresponds to the upper sheet in the 160
• perspective and lies over the sheet indicated by the red arrow.
2b Helicity is neutralized. Note that despite the large vorticity in the upper left of the middle visualization at T = 0.6, helicity has almost disappeared in this region. This corresponds to the black h ∼ 0 structures in the diagrams. The regions of h ∼ 0 appear to develop because the polarized source term in (4) reverses sign after the direction of vorticity has changed.
3 New blue h < 0 structure appears. The blue h < 0 tip in the middle visualization and indicated by the blue arrow in the left diagram of Fig. 10 has formed from the green h > 0 structure at T = 0.5 in Fig. 9 . The sign of helicity changes as this tip snakes around the major green h > 0 structure and appears to come from the flow of helicity from the vortex segment indicated by the red arrow that was blue (h < 0) at T = 0.5 and is black (h ∼ 0) at T = 0.6
4 Opposite helicity vortex tubes at T =0.7. The blue tip at T = 0.6 becomes the blue h < 0 cross vortex at T = 0.7 in Fig. 11 . Eventually the entire structure is annihilated.
